Abstract-In the field of the PV generation, Quasi-Z-source cascaded H-bridge (qZS-CHB) inverters are promising due to their features of modularity and high voltage conversion ratio. Thus, new topology structures and innovative modulation techniques are continuously being developed to improve the performance in terms of voltage stress and harmonic content. This paper proposes an innovative modulation technique that allows reducing the voltage stress and a specially designed grid-connected control strategy is also introduced. Through simulations in MATLAB, it has been validated that the performance of a three-phase five-level qZS-CHB is improved with the proposed solution.
INTRODUCTION
In renewable energy applications, a new kind of singlestage converters, called impedance source (Z-source) converters, have been developed. In [1] , the first Z-source inverter has been presented. This inverter replaces the traditional DC-link with an impedance network that enables simultaneously a high DC-voltage boost and a DC/AC conversion. Nevertheless, it presents certain issues like discontinuous input currents in the boost mode and high voltage stresses on capacitors. To address those issues, the quasi-Z-source (qZS) topology has been proposed, as reported in [2] , [3] . Additionally, the ZSI allows the shootthrough operation to realize the high-gain boosting. In order to realize the shoot-through operation for ZSI systems, three main control methods have been proposed in [4] , [5] , i.e., the Simple Boost Control (SBC), Maximum Boost Control (MBC), and Maximum Constant Boost Control (MCBC). All these modulation strategies replace the zero states with the shoot-through states, and achieve various performances in terms of voltage gains and voltage stresses.
For PV applications, the innovative qZS cascaded HBridge (qZS-CHB) topology structure has been introduced and explored in the literature. This structure inherits the advantages of impedance source converters (i.e., high boost capability, high reliability due to the possibility to shortcircuit the phase leg) and CHB inverters (i.e., low harmonics at the output, reduced electromagnetic interference -EMI, and high modularity). The advantages of qZS multilevel inverters compared with traditional multilevel inverters have been investigated in [6] , [7] in terms of passive components, semiconductor stresses, reliability, efficiency, and costs. In the meantime, many attempts have been made to the control and modulation techniques. For instance, in [8] , a control scheme (independent DC-link voltage control, and power control) with the SBC to boost the voltage was presented. The modulation technique in [9] used the concept of the pulse amplitude modulation to reduce switching losses, while the boost capability was obtained like the MBC method. In [10] and [11] , a novel multilevel space vector modulation (SVM) was introduced with a control strategy to balance the DC-link peak voltages of all cascaded modules, in such a way to achieve the distributed maximum power point tracking (MPPT) and to perform the power control for single-phase and three-phase qZS-CHB inverters, respectively. However, more efforts should be devoted into the control and modulation of qZS-CHB inverters for PV systems with increasing power ratings. In addition, further improvements in performance should also be attained along with the development of power electronic technologies.
In light of the above, this paper thus benchmarks the performance of a three-phase five-level qZS-CHB inverter with two different modulation techniques: the traditional MCBC with a sinusoidal reference and a modified MCBC strategy with switching frequency optimal reference signals. Furthermore, a grid-connected control strategy, where the current closed-loop control is fulfilled in the Įȕ-frame and the DC-link voltage control of each module is controlled, separately. The analysis has been carried out by a comparison of the voltage stress and harmonic content at the output voltage and the grid current with the prior-art in simulations. The rest of this paper is organized as follows. Section II describes the topology structures, and Section III discusses the proposed modulation scheme (i.e., the modified MCBC). Section IV analyses the control strategy and Section V compares the simulation results obtained with the proposed modulation technique in terms of voltage stress, harmonic content in the current, and output voltage quality. Finally, concluding remarks are provided in Section VI. Fig. 1 shows the topology structure of a three-phase fivelevel qZS-CHB inverter. It consists of six quasi-Z-Source HBridge (qZS-HB) modules, i.e., two in series per phase, as shown in Fig. 1 . The detailed circuit diagram of the qZS-HB module with a quasi-Z source network to replace the traditional DC-link is shown in Fig. 2 . It should be noted that each qZS-HB module works like a traditional single-phase inverter maintaining the same active states. Nevertheless, in steady-state [8] , the capacitor voltages (vC1 and vC2) and the peak voltage across the inverter v DC are shown in (1), where D is the shoot-trough duty ratio D = T0/T with T0 being the time interval of the shoot-through state and T being the switching period. where S1 and S2 are the switch states (1 for switch on and 0 for switch off). Details of the derivation of the boost factor and the output peak voltage are ignored here.
II. TOPOLOGY STRUCTURE

III. MODULATION TECHNIQUES
Pulse width modulation (PWM) techniques for multilevel inverters are different in respect to reference signals and carrier signals, as reported in [12] . Phase-shifted (PS) carrier signals allow controlling each H-bridge as a single-phase inverter. Furthermore, high frequency harmonics are shifted with respect to the switching frequency. For instance, in a five-level converter, the high-frequency harmonics are shifted by four times of the switching frequency. Thus, it is possible for the PS PWM scheme to reduce the passive elements of the grid filter compared with other PWM techniques. For the reference signals, the sinusoidal reference allows a satisfactory Total Harmonic Distortion (THD) at the output voltage, while the switching frequency optimal (SFO) method increases the range of the modulation index (up to 1.15), also with a low THD.
With the above techniques, a Switching Frequency Optimal Maximum Constant Boost Control (SFO MCBC) modulation method is proposed. The SFO MCBC strategy is shown in Fig. 3 , which consists of PS-based carrier signals (blue and green curves) and SFO-based reference signals (black curves). The shoot-through signals have been obtained with the MCBC concept and it presents a DC component with an amplitude equal to ±1.5M (M is the modulation index) and a periodic component with a frequency three times of the reference signals.
The shoot-through duty ratio, boost factor, and voltage gain for the traditional MCBC and the proposed SFO MCBC EXPRESSIONS OF THE SHOOT-THROUGH DUTY RATIO, BOOST FACTOR, AND VOLTAGE GAIN.
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IV. CONTROL STRATEGY
The aim of this paper is to compare the performance of a three-phase five-level qZS-CHB with the MCBC and the proposed SFO MCBC techniques. Referring to Fig. 1 , for each qZS-HB module, there is a modulator (PWM A1, PWM A2… PWM C2) with two input control signals. The control signals are the boost factor reference B * p n (p is the phase and n is the number of the qZS HB module) and the reference signal V * p n for the PWM modulator. Fig. 6 shows the control block diagrams to generate the control signals, as described previously.
The objectives of the control strategy are to manage the power injected to the grid with a unity power factor and to boost and regulate the DC voltage for each qZS-HB module. The unity power factor control is achieved in the Įȕ-reference frame that ensures a sinusoidal current in phase with the grid voltage. A proportional resonant (PR) controller is used in the current control loop, as shown in Fig. 6 . The DC voltage boost control for each qZS-HB module is based on the control of the peak voltage v DC, which is equal to the sum of the capacitor voltage vC1 and vC2. The voltage boost control loop, one for each qZS-HB module, utilizes a proportional integral (PI) controller, which generates the reference boost factor B * p n for the corresponding pulse width modulator, as presented in 
V. SIMULATION RESULTS
The performance of the three-phase five-level qZS-CHB inverter shown in Fig. 1 is evaluated in terms of voltage stress and harmonic content, where the MCBC and SFO MCBC modulation techniques are compared. Simulations are performed in MATLAB, and the control strategy discussed in Section IV is implemented. The system parameters are shown in Table II . Simulation results are shown in Figs. 8-11 . Fig. 8 compares the grid voltage (red curves) and the injected current (blue curves) of the five-level qZS-CHB inverter with the MCBC and SFO MCBC modulation strategies, respectively. It is observed in Fig. 8 that a unity power factor is achieved in both cases with the control strategy presented in Section IV. This thus demonstrates the effectiveness of the control strategy for the five-level qZS-CHB inverter. Nevertheless, there are differences in terms of harmonics of the inverter output voltage (i.e., the voltage before the grid filter), as it is presented in Fig. 9 .
To perform a detailed harmonic comparison, the fast Fourier transform (FFT) analysis is applied to the inverter output voltage and the grid current, as shown in Fig. 10 . Observations in Fig. 10 indicate that in both cases (with the two modulation strategies), there are low frequency components, although the traditional PS modulation technique typically presents high frequency components. The use of the SFO-based reference signal increases the low order harmonics in the phase voltage and the grid current, as observed in Fig. 10 . Moreover, the proposed SFO-MCBC modulation strategy presents higher third-order harmonics in the inverter output voltage. Notably, the third-order harmonic component and other harmonics of triple the fundamental frequencies will not present in three-phase systems with a delta-connection configuration. However, the fifth and seventh components cannot be neglected, and it is necessary to use harmonic compensators in the current loop (e.g., using resonant harmonic compensators).
In terms of voltage stresses, the proposed SFO-MCBC strategy allows the qZS-HB module operating with lower voltages. Fig. 11 shows the DC voltage v DC (blue curves) and capacitor voltages vC1 and vC2 (red and yellow curves) of the five-level qZS-CHB inverter with the MCBC and SFO MCBC modulation schemes, respectively. The lower voltage stresses, as shown in Fig. 11 , achieved by the proposed modulation strategy indicates that the reliability of the converter is improved. Moreover, the reduced voltage stresses may allow using of components with lower ratings, and thus it can contribute to an overall cost reduction. In all, the above simulations have demonstrated the effectiveness of the control strategy and the proposed modulation scheme in terms of high conversion gain and low voltage stress. 
VI. CONCLUSION
In this paper, a SFO-MCBC modulation technique and a specially designed grid-connected control strategy for threephase five-level qZS-CHB inverters have been presented. The proposed modulation technique has been compared with the traditional MCBC in terms of voltage gains, voltage stresses, and harmonics in the output voltage and the grid current. The simulation results have demonstrated the control strategy efficacy. Regarding the voltage gains and voltage stresses, the proposed SFO MCBC modulation strategy presents higher voltage gains and lower voltage stresses. Nevertheless, the grid current of the five-level qZS-CHB inverter presents low-order harmonic components (i.e., the 5 th -and 7th-order harmonics), when either the conventional MCBC or the proposed SFO-MCBC modulation scheme is adopted. This is related to the employment of a single proportional resonant controller in the current control loop. Hence, harmonic compensators (e.g., multiple parallel resonant harmonic controllers and repetitive controller) may be added into the current loop to address this issue.
Nonetheless, it has been demonstrated that the proposed modulation may be a promising solution for multilevel CHB inverter systems for PV applications. 
